The adsorption of molecules to the surface of carbon nanostructures opens a new field of hybrid systems with distinct and controllable properties. We present a microscopic study of the optical absorption in carbon nanotubes functionalized with molecular spiropyran photoswitches. The switching process induces a change in the dipole moment leading to a significant coupling to the charge carriers in the nanotube. As a result, the absorption spectra of functionalized tubes reveal a considerable redshift of transition energies depending on the switching state of the spiropyran molecule. Our results suggest that carbon nanotubes are excellent substrates for the optical readout of spiropyran-based molecular switches. The gained insights can be applied to other noncovalently functionalized one-dimensional nanostructures in an externally induced dipole field.
Single-walled carbon nanotubes (CNTs) consisting of a single layer of carbon atoms show a high sensitivity to changes in their surrounding medium, making them good candidates for sensitive nanoscale detectors [1] [2] [3] . They furthermore present ideal substrates for the functionalization with molecules [1, 4] . Depending on their chiral angle and diameter, they offer a variety of substrates with different optical and electronic properties including metallic and semiconducting structures with a large range of band gaps [1] . The functionalization of nanotubes enables the control and optimization of their properties and is a promising strategy to exploit their tremendous application potential [1] [2] [3] [4] [5] [6] . In particular, the functionalization with photochrome molecules is promising for engineering switches on the molecular level [5] [6] [7] [8] and incorporating them into solid-state technologies [9] . An example for such molecules are spiropyrans, which can be reversibly switched between two different conformations: the planar merocyanine (MC) and the orthogonal spiropyran (SP) [ Fig. 1(a) ]. The conversion is induced by visible and ultraviolet light. It is accompanied by a significant change in the molecular dipole moment [9] . As a result, the attached molecule has-depending on its conformation-a unique influence on the carrier mobility and the optical transitions in the substrate CNT. Therefore, we expect a significant change of the electronic and optical properties of the CNT induced by the molecular switching process.
In this Letter, we present a microscopic study of the optical properties of pristine and noncovalently spiropyran-functionalized carbon nanotubes. A better understanding of their optical properties is of crucial importance for the realization of efficient molecular switches.
Our microscopic investigations offer new insights, which can guide future optical experiments. The coupling of the carriers in the CNT to the externally induced dipole fields depends on the dipole moment, its orientation with respect to the CNT axis, the molecular dipole density, and the distribution of molecules along the CNT surface [ Fig. 1(b) ]. Our aim is a thorough understanding of the functionalization parameters and their influence on the absorption spectra of CNTs. In particular, it is of fundamental interest to address the question whether CNTs are suitable substrates for an unambiguous optical readout of the spiropyran-based molecular photoswitches. In order to describe the optical and electronic properties of functionalized carbon nanotubes, we apply the formalism of density matrix theory, an established method for microscopic description of many-particle systems [10, 11] . The modeled situation corresponds to pristine CNTs located in a static dipole field induced by noncovalently adsorbed spiropyran molecules. In contrast to covalent functionalization, the van der Waals interaction is less invasive and only slightly changes the electronic structure of the tube [4] . To obtain a realistic description of the adsorbtion of molecules including their position on the CNT surface and the resulting dipole fields, densityfunctional theory calculations have been performed. The obtained results are used as input parameters for the Bloch equations. The dipole moments of the isolated molecules are determined for optimized geometries at the B3LYP/6-31G* level of theory as implemented in Gaussian 09 [12] .
The absorption coefficient ð!Þ / !Imð!Þ is given by the optical susceptibility [13] [14] [15] ð!Þ / Ài P k Re½M z vc ðkÞ vc kk ð!Þ=½! 2 Að!Þ, which is the linear response function of the perturbed system. For a twoband system, ð!Þ is determined by the Fourier transform of the microscopic polarization vc kk ð!Þ, the optical matrix element M z vc ðkÞ along the nanotube axis [13] , and the applied vector potential Að!Þ of the optical field. The microscopic polarization vc kk ðtÞ ¼ ha þ vk a ck iðtÞ is a measure for the transition probability of an electron between the two states jvki and jcki. Here k denotes the wave vector and v, c the valence and the conduction band, respectively. The starting point to derive ð!Þ is the Hamilton operator H ¼ H 0 þ H cÀl þ H cÀc þ H cÀd including the noninteracting electronic contribution H 0 , the electron-light coupling H cÀl , the Coulomb interaction H cÀc , and the CNT-dipole interaction H cÀd . It determines the temporal dynamics of an observable within the Heisenberg equation of motion [10] yielding the microscopic many-particle Bloch equation for the CNT-molecule hybrid structure
The equation describes the dynamics of the dipole-induced transitions vc
a ck 2 iðtÞ with a momentum transfer ðk 1 À k 2 Þ Þ 0 characterizing the spatially inhomogeneous situation. In particular, it contains the microscopic polarization vc kk in the limiting case of k 1 ¼ k 2 , which has a predominant influence on the dynamics of vc k 1 k 2 ðtÞ. Equation (2) has been derived assuming linear optics, where the driving field is considered to be small resulting in a negligible change of the occupation in the valence and conduction band [10] .
The Coulomb interaction is considered within the Hartree-Fock level leading to (i) the renormalization of the Rabi frequency
Þp k 0 ðtÞ due to the attractive electronhole interaction V eÀh ðk 0 ; k 1 ; k 2 Þ, which describes the formation of excitons [14, 15] and (ii) the renormalization of the band gap
;k 2 Þ due to the repulsive electron-electron interaction V eÀe ðk 0 ; k 1 ; k 2 Þ, which corresponds to the self-energy correction. The Coulomb matrix elements are calculated within the tight-binding (TB) approximation and a regularized Coulomb potential (Ohno parametrization) [15, 16] . The parameter in Eq. (2) describes the dephasing of the microscopic polarization by scattering contributions beyond the Hartree-Fock level. It determines the peak width in optical spectra, but has no influence on the position.
The strength of the CNT-molecule interaction is given by the matrix element g 0 The coupling element can be partially evaluated analytically by inserting TB wave functions with effective p z -hydrogen orbitals [14] . The coupling element does not depend on the length of the introduced supercell, but on the molecular dipole density n ¼ N s =L s corresponding to the number of molecules N s per supercell length L s . Figure 2 shows the intraband matrix element g kk 0 as a function of the momentum transfer k (for an exemplary k 0 ¼ 0) for different situations. Depending on the orientation of the dipole (rotation within the CNT-molecule plane [ Fig. 1(b)] ), the matrix element shows a different behavior, as illustrated in Fig. 2(a) . For dipoles with a parallel orientation ¼ 0 with respect to the CNT axis, we observe that the coupling vanishes for k ¼ 0, i.e., for processes with no momentum transfer. Then, the interaction is enhanced with increasing k up to a maximal value at k % 0:7 nm À1 followed by an exponential-like decrease. For the perpendicular orientation ¼ 90 , in contrast, the coupling reaches maximal values for small momentum transfers k % 0. This behavior can be traced back to the dumbbell-like shape of the dipole potential.
Increasing the dipole density, we observe the formation of a multiple-peak structure in the matrix element [ Fig. 2(b) ]. This stems from the interference effects at the CNT surface due to dipole contributions from different molecules. The separation of the peaks is given by the inverse distance between two molecules. As a result, for small dipole densities, we obtain an increasing number of peaks. In the limiting case of only one molecule per supercell, the interference effects completely vanish [ Fig. 2(a) ]. Furthermore, it is important whether the molecules are aligned periodically or randomly along the CNT [ Fig. 2(c) ]. In the latter case, the clear multipeak structure of the matrix element is smeared to a certain extent.
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Now we have all the ingredients to calculate the absorption coefficient ð!Þ, by evaluating the many-particle Bloch equations for the CNT-molecule hybrid structure [Eq. (2)]. We investigate the changes in the absorption spectrum of the exemplary (10,0) nanotube, which are induced by the noncovalently attached spiropyran molecule. Since excitonic effects in CNTs are known to be strongly dependent on the environment [17] , we investigate both excitonic and free-particle absorption spectra. The latter appropriately describe CNTs in media with a large dielectric background constant or tubes with a large diameter. Figure 3(a) shows the comparison between the excitonic absorption spectrum of the pristine and the SP-and MC-functionalized (10,0) CNT. We observe (i) a redshift of the transition energy accompanied by a reduced intensity, and (ii) enhanced absorption at the higher energies for the functionalized CNT [see the insets of Fig. 3(a) ]. In particular, the MC molecule with its large dipole moment (13.9 D) significantly influences the optical properties of the CNT leading to a redshift of 30 meV. In contrast, the SP molecule (6.2 D) only slightly changes the absorption spectrum of the substrate CNT (the redshift is about 5 meV). This clear difference between the spectra of MC-and SP-functionalized CNTs suggests the possibility of an optical readout of the SP-MC molecular switch. A study of other nanotubes with different chiral angles and diameters led to qualitatively similar results.
Within the free-particle picture-important for CNTs in solutions with a large dielectric background constant-the influence of the functionalization is even more pronounced [ Fig. 3(b) ]. The redshift of the transition energy is enhanced to 70 meV (10 meV) for MC-(SP-)functionalized CNTs. Furthermore, we observe the formation of a side peak at an energy of 1.4 eV. The observed changes in the absorption spectra of functionalized CNTs are similar to the polaronic redshift and the side peaks originating from the electron-phonon coupling [10] . We ascribe the smaller exciton-dipole coupling to the strong redistribution of the momentum via Coulomb interaction, which generates localized excitonic states.
To assure that the observed redshift of the transition energy is stable and to find optimal functionalization scenarios, we performed calculations for different dipole densities, distributions, and orientations [ Fig. 4 ]. We observe that the rotation of the dipole with respect to the CNT axis has a significant influence on the observed redshift. Figure 4(a) shows that the largest shift of approximately 65 meV can be found in excitonic absorption spectra in the case of perpendicularly oriented dipoles, i.e., ¼ 90 (in comparison, one obtains 30 meV for ¼ 0 ). This reflects well the clearly stronger CNT-dipole matrix element g kk 0 in the perpendicular case [ Fig. 2(a) ]. For SP-functionalized CNTs, we observe negligibly small redshifts.
The molecule distribution along the CNT surface [ Fig. 1 ] has been shown to play a role for the CNT-dipole coupling element and its multipeak structure [ Fig. 2(c) ]. However, it turns out to have no measurable influence on the peak positions and their redshift in the absorption spectra of functionalized CNTs [ Fig. 4(b) ]. The distribution only changes the enhancement of the absorption at higher energies; however, this effect is small in excitonic absorption spectra. The reason for this observation is that the redshift does not depend on the absolute values of the coupling element, but only on the integral over the momentum k [Eq. (2)], which does not change with different distributions of molecules. The crucial quantity here is the dipole density. The more molecules are attached to the CNT surface, the larger the overall coupling is between the charge carriers within the CNT and the induced external dipole field. Therefore, one expects the influence on the optical properties of the substrate CNT to increase continuously as well. Figure 4(c) , showing the redshift of the transition energy as a function of the dipole density n, suggests a more complicated behavior. We observe an enhanced redshift with an increasing dipole density of up to approximately n ¼ 0:25 nm À1 followed by a decrease. This can be explained by the interference effects, which lead to the multipeak structure of the CNT-dipole coupling element [ Fig. 2(b) ]. Here, the peak separation is found to increase with the dipole density, i.e., the CNTdipole coupling becomes maximal for a very large momentum transfer k. Since the density of states is small for large k, the influence of the attached molecules on the optical properties of the CNT is reduced.
In summary, we investigated the optical properties of an exemplary hybrid structure consisting of a carbon nanotube as substrate and spiropyran as a photochrome molecule. We predict a redshift in both excitonic and free-particle absorption spectra of functionalized nanotubes due to an efficient coupling between the charge carriers and the externally switchable molecule dipole field. Depending on the conformation of the attached molecule, we find a redshift of the transition energy of up to 100 meV suggesting that carbon nanotubes are suitable substrates for an unambiguous optical readout of spiropyran-based molecular switches. The gained insights about the coupling mechanism between the charge carriers in the one-dimensional nanosubstrate and the externally induced molecular dipole field can be applied to other hybrid structures.
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